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Dr Mohamed Henini 
With a plentiful (and free) supply of 1 kW/m2 of sunlight at the earth’s surface, the market for solar cells for 
terrestrial applications is expected to expand rapidly as the cost of power from conventional sources rises 
and, due to technology advances and economies of scale, the cost of solar cells falls. So far most cells have 
been made of single-crystal silicon. However, CaAs currently holds the efficiency record for single-junction 
photovoltaic cells [l], with further advances using other Ill-Vs being made. 
A dvantages of using GaAs- rather than Si-based solar cells include higher conver- 
sion efficiency and improved radia- 
tion resistance, but GaAs is 
expensive and fragile. Ge sub- 
strates are cheaper and have high- 
er mechanical strength and similar 
atomic arrangement, spacing and 
density so that cells can be made 
thinner and lighter, improving the 
power-to-weight ratio. 
GaAs cells were first fabricated 
,m the 1960s. In the early ’70s IBM 
researchers reported a significant 
rise in efficiency by adding an 
AlGaAs window. In the late ’70s 
using both LPE and MOCVD 
growth, Hughes Research Labs and 
Lincoln Labs demonstrated high- 
efficiency (1618% AMO) cells. 
Further improvements by Spire 
Corp and Purdue demonstrated 
AM 1.5 efficiencies - 24%, corre- 
sponding to -2l%AMO. 
In the 1980s Applied Solar 
Energy Corp developed MOCVD 
methods to grow production- 
ready GaAs cells on GaAs sub- 
strates with AM0 efficiency 
around 1617%. This led to the 
demonstration of GaAs cells 
grown on Ge substrates, which 
produced large-area space cells 
with efficiencies 18-l 9% (AMO). 
GaAs/Ge cells were also manufac- 
tured by Spectrolab, CESI (Italy), 
and EEV (UK). 
In parallel, research in Japan 
demonstrated the high radiation 
resistance of InP cells on InP sub- 
strates (efficiency - 16% AMO), fur- 
ther increased to 18.5% (AMO) by 
Spire. InP cells grown on Si sub- 
strates with very high radiation re- 
sistance were then demonstrated, 
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Figure 1: Schematic of a GaAs micro-solar cell (150 x 160 v). Steps are coated with poly- 
imide for passivation and flattening. The electrode for the p-layer is extended to connect to 
the n-electrode of the next cell. Courtesy of J Ohsawa royota Technological Institute). 
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though with reduced initial effi- 
ciency 
In the 1980s several groups 
were using MOCVD to grow 
monolithic tandem cells with two 
different bandgaps, mostly 
AlGaAs/GaAs. This dual-cell con- 
cept was also demonstrated for 
mechanically-stacked cells, either 
AlGaAs/Si (Sandia) or GaAs/GaSb 
(Boeing). However, NREL workers, 
using closely lattice-matched 
GaInP,/GaAs cells monolithically 
MOCVD-grown on GaAs sub 
strates, demonstrated significant 
increase in dual-junction cell effi- 
ciency to 25-26% (AMO) at NREL 
and Japan Energy Corp. Space cell 
companies (Hughes/Spectrolab 
and TECSTAR/Applied Solar) be- 
gan to implement this dual-junc- 
tion technology in large 
production MOCVD reactors, us- 
ing Ge substrates (lattice-matched 
to GaInP, and GaAs) to provide 
more rugged, larger-area cells. 
Dual-junction efficiencies have 
reached -23% (AMO) and triple- 
junction cells (with an active junc- 
tion formed in the Ge substrate) 
have shown efficiencies over 27% 
(AMO), with 24% (AMO) in produc- 
tion (present work indicates that 
26% is achievable). 
Currently, to increase AM0 effi- 
ciencies over 30%, a cell material is 
being sought with Es -1.0-1.1 eV; 
to be grown between the GaAs and 
Ge subcells (forming a four-junction 
cell). However, most attempts to 
grow cells lattice-mismatched to 
the substrate or other cells in the 
multi-junction stack have reduced 
efficiency, even when the bandgap 
combinations were theoretically 
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Solar Cells 
L ike most principles on which energy conversion devices are based, conver- 
sion of light into electricity by the 
photovoltaic effect is not new. In 
1839 Becquerel [2] observed a 
photovoltage from an electrode in 
an electrolyte solution. In 1877 
this was observed in a solid (sele- 
nium), leading in the 1930s to 
light meters for photography us- 
ing copper oxide (although only 
0.5% efficient at converting the 
sun’s energy into electricity). 
In 1954, an efficiency of 6% 
was achieved using p-n junctions 
in silicon [3] and cadmium sul- 
phide, and today solar cells power 
many calculators, wristwatches, 
communications equipment, wa- 
ter pumps, homes and satellites. 
Under normal sunlight, effi- 
ciencies are about 23% for high- 
purity silicon and optimised 
designs, but just lo-13% for com- 
mercial cells using polycrystalline 
silicon. Since costs are not yet 
competitive with other energy 
sources, development of a wide 
range of semiconductor materials 
and photovoltaic devices is under- 
way in many labs. 
Solar cell operation 
A solar cell basically operates as a 
pn junction diode (see Figure Al). 
After epitaxial growth on the 
wafer, metal contacts are applied 
front and back plus an anti-reflec- 
tion coating to the front surface (to 
reduce optical reflectivity; 40% for 
bare silicon).The photolithogmphi- 
tally defined metal front contact 
grid (which is opaque to sunlight) 
should have minimal area (to max- 
imise photocurrent) as well as 
closely spaced, fine lines (to keep 
series resistance low). 
When the cell is illuminated, 
photons are absorbed and electron 
and hole charge carriers generated. 
Separated by a field, these create an 
electric voltage and current in the 
external circuit, depending on the 
material properties (the larger the 
material’s bandgap, the higher the 
voltage) and strength of the illumi- 
nation (the stronger the illumina- 
tion, the larger the number of 
electrons produced). 
However, this effect involves sev- 
eral other factors including light ab- 
sorption, carrier generation, and 
efficiency of energy conversion. 
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Figure A 1: Schematic diagram showing the essential parts of a solar cell assembly. 
Figure A2: Spectrai distribution of sunlight 
[l 11. The radiation outside the earth’s 
atmosphere (AMO) and at the surface 
(AM1.5) is shown. The radiation distribution 
expected from the sun if it were a black 
body at T=6000 K is also indicated. 
Solar spectrum and 
material parameters 
Figure A2 shows the solar spec- 
trum outside the atmosphere (air 
mass 0, orAM - close to the GOOOK 
black-body radiation spectrum) 
and the AM1.5 radiation spectrum 
at sea level. (AM1 refers to the 
thickness of atmosphere a sun’s 
ray passes through when directly 
overhead.) 
For an angle 8 (solar altitude) 
from the overhead position, the at- 
mospheric path length h= hacos 8 
(where ha is the minimum path 
length). The air mass is therefore 
increased by a=l/ co&l (AMa).The 
AM1 and AM15 spectrum are for 
8=O” and 0=45O and have incident 
powers of about 0.925 kW/m* and 
0.844 kW/m*, respectively. 
The total energy per unit area 
integrated over the entire spec- 
trum and measured outside the at- 
mosphere perpendicular to the 
direction of the sun is practically 
constant: at AM0 = 1.353 kW/m*. 
The spectral distribution changes 
dramatically when the sunlight en- 
ters the earth’s atmosphere 
(Figure A2). The light intensity is 
attenuated significantly even for a 
clear sky due to scattering at mole- 
cules and dust particles and ab- 
sorption by atmospheric gases 
such as water vapour, ozone or 
carbon monoxide (shown as 
notches in the spectrum). The at- 
tenuation mechanisms are wave- 
length dependent. 
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Figure A3: Ideal solar cell efficiency as a 
function of the bandgap energy[l l] for the 
spectral distribution AM0 and AM1.5 with a 
power density of 1 sun, and for AM1.5 with 
1000 sun (=844 kWlm2). 
The conversion efficiencies and 
comparison of different solar cells 
will depend on the spectrum of in- 
cident light, since they respond dif- 
ferently to different wavelengths. 
Semiconductors can only ab- 
sorb photons with energy hv>Es 
(the bandgap energy) generating 
one electron-hole pair each (ex- 
cess energy is dissipated as heat). 
This, plus the spectral distribution 
of solar radiation, means that the 
maximum carrier generation (or 
photon absorption) per unit area is 
a function of Es. 
Cells made of narrow-bandgap 
materials should therefore gener- 
ate more current, e.g. for GaAs Es = 
1.43 eV corresponds to a wave- 
length of 890 run, so only shorter 
wavelengths can be converted into 
electricity; silicon, with Es = 1.1 eV 
(i.e. 1100 nm), can collect more of 
the spectrum. 
However, silicon collects less 
energy per electron than GaAs. 
Also, optimally Es should coincide 
with the peak of the solar cell effi- 
ciency, 1.41.6 eV, which is the case 
for GaAs (see Figure A3). 
Also, one should take into ac- 
count the absorption coefficient of 
the semiconductor (inverse of the 
average photon penetration depth). 
This is essentially zero for hv<E, 
Photon energy hn (eV) 
Figure A4: tight absorption coefficient vs 
photon energy [12]. Si and GaAs typify 
indirect and direct bandgap semiconductors. 
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Figure A5: Maximum available cell current 
density and rate of photon absorption as 
function of cell thickness [12]. 
and larger than lo* cm-* for large 
hv. However, in addition, whereas 
GaAs has a direct bandgap, silicon 
has an indirect bandgap (i.e. pho- 
tons need not just simply the right 
energy but also the right directional 
momentum) reducing absorption 
(see FigureA4)To absorb almost all 
photons with hv>E , silicon must 
be at least 100 pm &ick, GaAs only 
1 pm (see Figure A5). Solar cells can 
therefore be fabricated using thin- 
films of direct-bandgap semicon- 
ductors by epitaxial techniques 
such as MbE or MOCVD. 
For space applications, most so- 
lar cells are based on silicon and, 
more recently, GaAs. However, 
since the first satellites discovered 
intense radiation belts around the 
earth, research has concentrated on 
the effects of high-energy particles 
on electrical characteristics.The re- 
sistance of Si and GaAs to radiation 
damage is significantly exceeded 
(for similar cell characteristics) by 
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Figure A6: Normalised efficiencies of InP, 
GaAs, and Si solar cells after 1 MeV elec- 
tron radiation [l 11. 
InP (Figure Ab), which may super- 
sede Si and GaAs in spacecraft. 
However, no photovoltaic semi- 
conductor has a bandgap that can 
use the entire spectrum of sun- 
light. Strategies to increase efficien- 
cy involve using materials with 
different bandgaps optimised for 
different wavelengths. Combining 
two solar cells into a single tan- 
dem-cell device is already being 
used on some satellites (very effi- 
ciently for GaAs-Si): a wider 
bandgap material on top absorbs 
blue light; lower-energy, longer 
wavelengths (red) pass through and 
are absorbed by the smaller- 
bandgap lower cell (see FigureA7). 
This strategy also offers many cell 
concepts based on multinary com- 
pounds where bandgaps can be 
controlled by material composition. 
-! 
Figure A7: Schematic of a tandem solar 
cell [lo]. 
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Solar Cells 
better. Work on the third cell is 
therefore directed at InGaAsN or 
InGaAsB and other quaternary ma- 
terials lattice matched to Ge (and 
GaAs). However, to date the photo 
volt& properties of these materials 
have been well below the required 
levels. 
Most of these developments 
have not provided obvious advan- 
tages for non-space use. However, 
GaAs cells have proved effective 
when used with concentrators. 
Recent results 
Solar cells are promising candi- 
dates for powering micro-electro- 
mechanical systems, because high 
output voltages can be obtained 
with micron-scale sizes. J Ohsawa 
et al [4] (Toyota Technological 
Institute, Japan) attempted the fab- 
rication of micro-solar cell arrays 
on GaAs substrate (24 single cells - 
150 x 160 x 3 pm-high - connected 
in series: see Figures 1 and 4). 
Figure 2 shows the current-voltage 
characteristics of the control de- 
vices in the dark, respectively The 
array had an open-circuit voltage of 
22.5 V under illumination of 5 mW 
at 815 mn. 
In recent years, designers of 
satellite power systems have 
recognised the benefits of in- 
creased solar cell efficiency on 
system performance. This has 
stimulated use of GaAs/Ge cells 
and accelerated development and 
production of multi-junction (tan- 
dem/cascade) cells. Higher-effi- 
ciency cells (with lower weight 
and area) mean reduced array 
costs. TECSTAR (USA) has made 
significant progress in increasing 
radiation resistance and improv- 
ing efficiency and yield, and 
hence reducing the cost of cas- 
cade solar cells [5]: 2 cm x 2 cm 
multi-junction cells with efficien- 
cies of 27% were achieved 
through improvements in material 
quality and cell structures. Triple- 
junction GaInP,/GaAs/Ge cells are 
now in production and have al- 
ready been flown successfully 
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Figure 2: Current versus voltage characteristics of a single micro-solar cell in the dark. 
Courtesy of J. Ohsawa voyota Technological Institute, Japan). 
Figure 3: Small space panel with TECSTAR triple-junction cells. Courtesy of /? lies and 
C Blanchard (TECSTAR, USA). 
(Figure 3).TECSTAR has installed a GaAs solar cells grown on Si 
total of eight MOCVD reactors for are very promising for low cost, 
high-efficiency, large-volume cas- light weight and high efficiency 
cade solar cell production. but, due to the mismatches of 
Ill-Vs Review *Vol.13 No.4 2000 
37 
Solar Cells 
I 
1 mm I 
Figure 4: Plan view of a completed array of 24 micro-solar cells - 
each 150 ,um x 160 pm in size - giving 800 ,um x 1500 pm over- 
all. Courtesy of J Ohsawa (Toyota Technological Institute). 
lattice constant (-4.1%) and ther- 
mal expansion coefficient (-60%) 
they have a high density of dislo- 
cations (- 108-lo9 cm-*) which can 
degrade photovoltaic properties 
significantly. For practical efficien- 
cies, the dislocations need to be 
below lo5 cm-*. 
It is very difficult to realise 
structures with such low disloca- 
tion densities using available 
growth techniques. G Wang et al 
(Nagoya Institute of Technology, 
Japan) found that, after hydrogen 
passivation and post-annealing in 
,AsH3 ambient of MOCVD-grown 
GaAs cells on Si substrates [6], the 
conversion efficiency rose from 
16.3 to 17.2% (AMO). This is be- 
lieved to be due to passivation of 
the defects and the recovery of 
plasma-induced damage by post- 
annealing. The authors believe that 
by optimising the processing con- 
ditions the conversion efficiency 
can be further improved. 
A new alternative is a multi- 
quantum well grown in the un- 
doped large region of a p-i-n solar 
cell. The electron-hole dynamic, in 
terms of generation, transport and 
recombination in the MQW region, 
therefore governs the quantum ef- 
ficiency. The increase of light ab- 
sorption rate in the undoped 
region has been attributed to the 
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increase of density 
of states in the 
MQW region.To en- 
hance the GaAs cell 
efficiency NJ Ekins- 
Daukes et aE [7] 
(Imperial College, 
UK) used a strain- 
balance MQW ap- 
proach, consisting 
of compressively- 
strained 1nGaA.s 
quantum wells 
matched by tensile- 
strained GaAsP bar- 
riers, overcoming 
the lattice-mis- 
match limitation en- 
countered in 
GaAs/InGaAs QW 
cells. The authors 
have fabricated solar cells as good 
as GaAs in terms of power conver- 
sion efficiency. A discussion was 
given on the suitability of their cell 
for enhancing GaInP/GaAs tandem 
cell efficiencies. 
The advantages of MQW cells 
under very high illumination 
(-1000 suns) have been analysed 
theoretically [8], but there have 
been few papers on the behaviour 
of MQW cells at low- or mid-illu- 
mination level. M Yang and M 
Yamaguchi (Toyota Technological 
Institute) [9] have studied MQW 
G~s~%.19%81 As solar cells un- 
der low concentration levels (l-10 
suns) of AM 1.5 illumination. They 
obtained an efficiency of 22% at 4 
suns compared to 18% under 1 
sun. The improvement was ex- 
plained in terms of an enhance- 
ment in minority carrier lifetime 
under concentrated light. 
Conclusion 
GaAs has higher theoretical and 
practical efficiencies for solar 
cells than silicon.According to re- 
cent reports, GaAs solar cells cur- 
rently hold the efficiency record 
for single-junction photovoltaic 
cells, and also form the low- 
bandgap component of the most 
efficient tandem cells. In addition. 
III-V solar cells have a better radia- 
tion hardness than silicon. Solar 
cells based on III-Vs are therefore 
becoming increasingly dominant 
for space applications. However, 
the less expensive silicon cells are 
still the most widely used terres- 
trially. 
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